All relevant data are within the paper and its Supporting Information files. Raw data are available via Open Science Framework (<http://osf.io/zybh8>).

Introduction {#sec005}
============

Upper limb (UL) motion is essential for the motor, social and cognitive development of children as it allows interaction between the individual and his/her environment. The development of UL motion may be compromised by the presence of a neurodevelopmental disorder, such as cerebral palsy, Duchenne's muscular dystrophy or brachial plexus palsy, which may negatively influence the performance of activities of daily living (ADL) and potentially affect the child's participation and quality of life \[[@pone.0198524.ref001],[@pone.0198524.ref002]\].

In typically developing (TD) children, the development of reaching and grasping skills has been investigated using three-dimensional motion analysis (3DMA). Previous studies have shown a considerable improvement of smoothness and trajectory straightness throughout the first years of life \[[@pone.0198524.ref003]--[@pone.0198524.ref006]\] and reported a mature coordination between arm and trunk movements around the age of 4 years \[[@pone.0198524.ref003]\]. However, further development continues until the age of 8--10 years, whereby children show smoother and more stable hand trajectories \[[@pone.0198524.ref003],[@pone.0198524.ref007]\]. UL movement maturation reaches a plateau around the age of 11 years \[[@pone.0198524.ref003],[@pone.0198524.ref004],[@pone.0198524.ref006],[@pone.0198524.ref008]\]. The vast amount of 3DMA literature on the development of reaching tasks is contrasted by only a few studies that reported age-differences in UL kinematics during ADL-mimicking tasks \[[@pone.0198524.ref009],[@pone.0198524.ref010]\].

Furthermore, the normative values reported by previous studies focused on extracting specific parameters from the kinematic waveform (e.g. active range of motion and endpoint angles). Although these parameters have commonly been used to investigate UL motion in children and adults \[[@pone.0198524.ref011]--[@pone.0198524.ref014]\], they allow only an incomplete interpretation as information about the entire UL movement pattern is omitted. Moreover, extracting only those data points where the differences are maximum could lead to false-positive results and therefore to a biased interpretation of the norm values \[[@pone.0198524.ref015]\]. An alternative analysis approach designed for continuous field analysis has recently been implemented in biomechanics, i.e. Statistical Parametric Mapping (SPM) \[[@pone.0198524.ref016]\]. SPM allows investigating the entire kinematic waveform as it takes the interdependency of data points into account by using random field theory. Therefore, this analysis approach reduces the risk of incorrectly rejecting the null hypothesis. However, the potential value of SPM in investigating age-related differences in UL motion has not been explored yet.

Here, we explored age-related differences in UL kinematics in a large cohort of TD children. We hypothesized that spatiotemporal parameters would change during reaching, reach-to-grasp and ADL-mimicking tasks, resulting in reduced total movement duration and time to peak velocity, and increased peak velocity and trajectory straightness, in growing TD children. Moreover, we hypothesized that additional kinematic changes related to age would be observed by using SPM analyses. Specifically, and supported by data from the literature \[[@pone.0198524.ref003],[@pone.0198524.ref008],[@pone.0198524.ref009]\], we hypothesized that a maturation plateau would be reached around the age of 11 years old.

Materials and methods {#sec006}
=====================

Participants {#sec007}
------------

An observational, prospective, cohort study was set up for which TD children aged 5--15 years were recruited via schools, youth movements and colleagues in Flanders (Belgium) between 2010 and 2016. Children should have normal or corrected-to-normal vision during the task performance. Furthermore, oral interview with the parents confirmed that the children had a typical development. Children with a history of neurological or musculoskeletal disorders at any time point were excluded. Recruitment via sport clubs or music schools was avoided to warrant a representative sample for the normal population and exclude potential impact of highly skilled UL activities. Children who were willing to participate and fulfilled the inclusion criteria were prospectively enrolled in the study, by attempting to keep and equal number of participants and a sex balance within each age group. This resulted in 60 TD children (mean age (SD) 10y3m (3y1m), 36 boys, 53 right-handed) who underwent a 3DMA. Prior to participation, children gave their verbal assent to partake and parents signed the informed consent, in accordance with the Declaration of Helsinki. This study was approved by the Medical Ethics Committee UZ KU Leuven (S50480 and S55555). All measurements were conducted by two experienced physiotherapists (CSM and EJ) at the Clinical Motion Analysis Laboratory of the University Hospitals Leuven (campus Pellenberg, Belgium).

Experimental procedures {#sec008}
-----------------------

First, UL dominance was determined by asking the children to draw (in young children, 5-7y) or to write (in older children, \>7y). Similarly to other studies, the non-dominant UL was measured, to serve as a reference for the impaired side of children with UL deficits \[[@pone.0198524.ref017]--[@pone.0198524.ref020]\]. Previous studies have shown that TD children move with shorter movement times \[[@pone.0198524.ref021]\] and different kinematic joint angles at point of task achievement \[[@pone.0198524.ref009]\] with the dominant compared to the non-dominant UL. To ameliorate these differences, we chose to measure the non-dominant UL in this study.

3DMA was conducted while seated, using a custom-made chair to ensure 90° of hip and knee flexion through an adjustable lower back and feet support. Next, 17 markers were mounted on the trunk, acromion, upper and lower arm, and hand; and anatomical landmarks of interest were recording during several static trials, following the ISB-recommendations and the protocol by Jaspers et al. \[[@pone.0198524.ref022],[@pone.0198524.ref023]\]. Motion was recorded using 12 or 15 Vicon infrared cameras (Oxford Metrics, Oxford, UK), sampling at 100 Hz. Children were then instructed to perform a movement protocol consisting of eight tasks: three reaching (forwards (RF), upwards (RU) and sideways (RS)), two reach-to-grasp (a sphere (RGS) and a vertically oriented cylinder (RGV)), and three ADL-mimicking tasks (hand-to-head (HTH, grooming), hand-to-mouth (HTM, eating) and hand-to-shoulder (HTS, dressing)). Reaching and reach-to-grasp tasks were performed at shoulder height, except RU, which was executed at eye-height; reaching distance was based on the arm length (see also \[[@pone.0198524.ref023]\]). Each task was recorded twice, and during each task recording children were instructed to repeat the movement four times, resulting in a total of eight movement repetitions per task. All tasks started with the non-dominant hand on the ipsilateral knee and were performed at self-selected speed, by instructing the participants to "perform the task at your own pace", as this pace most likely represents their typical behavior during daily life activities and it is commonly used in literature \[[@pone.0198524.ref024]\]. Performing the tasks at self-selected speed allows us to investigate changes in speed with age. Moreover, as speed plays a major role in motor control in children with disabilities, potentially compromising accuracy and the movement pattern itself, performing the tasks at self-selected speed in this study will permit a later comparison with children with disabilities. This protocol was proven reliable in TD children \[[@pone.0198524.ref023]\].

Data processing {#sec009}
---------------

To avoid variability due to start and stop strategies, the first and last repetition of each recording were excluded from further analysis, resulting in four cycles per task. 3D marker coordinates were processed using Vicon Nexus 1.8.5 software (Oxford Metrics, Oxford, UK). After data filtering (Woltring routine with a predicted mean squared error of 10 mm^2^ \[[@pone.0198524.ref025]\]), start and endpoint of each movement cycle were identified. The start point was always the position with the hand on the ipsilateral knee, whereas the endpoint varied depending on the task: touching the object with the palm of the hand (RF, RU, and RS); grasping the object (RGS and RGV); touching the top of the head (HTH), the mouth (HTM) or the contralateral shoulder (HTS). Movement cycles were time normalized (0--100%) and the UL spatiotemporal and kinematic calculations were computed with U.L.E.M.A. software (version 1.1.9, Matlab-based open source software, available for download at <https://github.com/u0078867/ulema-ul-analyzer>) \[[@pone.0198524.ref018]\]. Based on time events of the third metacarpal (anatomical landmark), the following spatiotemporal parameters were extracted: total movement duration (seconds), time to peak velocity (%), peak velocity (m/s), and trajectory straightness (non-dimensional). This parameter equals the ratio between the length of the hand marker path and the straight line connecting the first and last marker position. Kinematic data of five joints (12 joint angles) was also calculated: trunk (flexion-extension, lateral flexion and axial rotation), scapula (anterior-posterior tilting, pro-retraction and medial-lateral rotation), shoulder (elevation plane, elevation and rotation), elbow (flexion-extension and pro-supination) and wrist (flexion-extension). The shoulder rotation center was estimated using a linear regression equation \[[@pone.0198524.ref026]\]. After UL kinematic calculations, we compared, per task, the kinematic data of each cycle to the mean of the three remaining cycles by computing the root mean square error (RMSE) over the entire movement cycle and averaged it across data points. To maximize performance repeatability, only the three cycles with lowest RMSE were retained for further statistical analysis (routine implemented in U.L.E.M.A.). Also for the spatiotemporal parameters, only these three cycles were considered. All statistical analyses were based on the average of the final three selected movement cycles per task.

Statistical analysis {#sec010}
--------------------

To evaluate the age-related differences in UL motion, data was divided into four groups based on previous literature \[[@pone.0198524.ref009],[@pone.0198524.ref010]\]: 5--7 years, 8--10 years, 11--12 years and 13--15 years. Data distribution of the spatiotemporal and kinematic parameters was evaluated using the Shapiro-Wilk test, confirming the normal distribution of all parameters except for trajectory straightness. For the normally distributed spatiotemporal parameters, mean and standard deviations were reported and one-way ANOVA with post-hoc Tukey HSD correction were computed to investigate differences between age-groups. For trajectory straightness, medians and interquartile ranges were reported and the Kruskal-Wallis test with post-hoc Mann-Whitney U tests were used. All statistical analyses were performed using SPSS (version 24.0, SPSS Inc, Chicago, IL, USA). The alpha-level was set at 0.05 for main group comparisons, with post-hoc comparisons for the six comparisons of interest (Šidák-Bonferroni correction (α' = 1 --(1---α)^1/k^, where k represents the number of comparisons, thus α = 0.0085): 5-7y vs. 8-10y, 5-7y vs. 11-12y, 5-7y vs. 13-15y, 8-10y vs. 11-12y, 8-10y vs. 13-15y, and 11-12y vs. 13-15y. Our null hypothesis was that there is no significant difference in UL motion between the age-groups.

We calculated and reported effect sizes for main comparisons and post-hoc tests according to Cohen's criteria: eta squared for ANOVA and Kruskal-Wallis (η^2^: small 0.01, medium 0.06, and large 0.14), Cohen's d for post-hoc two-sample tests (d: small 0.2, medium 0.5, and large 0.8) and Cohen's r for post-hoc Mann-Whitney tests (small 0.1, medium 0.3, and large 0.5) \[[@pone.0198524.ref027]\].

For the comparison of kinematic data between age-groups, a one-way ANOVA with post-hoc t-test was used with the SPM1D toolbox (version 0.4 for Matlab, available for download at <http://www.spm1d.org/Downloads.html>) \[[@pone.0198524.ref016]\]. For every joint angle, UL kinematics were compared between age-groups with the conventional univariate statistic, outputting a statistical curve (F-curve). Next, random field theory was applied to estimate the critical threshold above which only 5% of equally smoothed random data would be expected to cross (α\<0.05). Whenever the statistical curve crossed the statistical threshold, a cluster was identified at the group field, leading to post-hoc t-test comparison, following the same procedure. When clusters were identified, information regarding the location (start and end points of the identified cluster) and a single p-value for each cluster was provided. The alpha-level was set at 0.05 for main group comparison. In line with the analyses of the spatiotemporal parameters, we computed post-hoc tests for the same 6 pairs with Šidák-Bonferroni correction for multiple comparisons (α\<0.0085, as implemented in the toolbox). Effect sizes were computed and reported over the entire movement cycle per post-hoc comparison, according to Cohen's d criteria (d: small 0.2, medium 0.5, and large 0.8).

Results {#sec011}
=======

Participants {#sec012}
------------

Prior to dividing the children into the four age-groups, we performed an outlier detection analysis (mean+1.96SD), resulting in the exclusion of one participant (14y, boy) based on a marked slow performance during all tasks. Given that movement duration impacts on spatiotemporal and kinematic parameters, this participant was excluded for all statistical analyses, resulting in a final group of 59 participants: 17 children aged 5--7 years (mean age (SD) 6y6m (10m), 9 boys, 14 right-handed); 16 children aged 8--10 years (9y1m±10m, 9 boys, 14 right-handed); 11 children aged 11--12 years (11y8m±9m, 9 boys, 11 right-handed); and 15 children aged 13--15 years (14y4m±12m, 8 boys, 13 right-handed).

Spatiotemporal parameters {#sec013}
-------------------------

Descriptive information and statistical comparison of the spatiotemporal parameters for the whole group and per age group are summarized in [Table 1](#pone.0198524.t001){ref-type="table"}. The statistical analysis of UL spatiotemporal parameters between groups showed that, with age, children progressively increased their peak velocity (all tasks, 0.0002\<p\<0.05) and improved their trajectory straightness (all tasks, 0.0002\<p\<0.01) ([Fig 1](#pone.0198524.g001){ref-type="fig"}). Based on post-hoc analysis, the youngest children exhibited significantly lower peak velocity than both the older groups (5-7y vs. 11-12y group, RS, p\<0.004; 5-7y vs. 13-15y group, RF, RS, RGS, RGV, HTH, HTS, 0.001\<p\<0.007). Furthermore, the youngest group also showed a significantly less straight hand trajectory than the older groups (5-7y vs. 11-12y group, RU, RS, RGV, HTS, 0.003\<p\<0.007; 5-7y vs. 13-15y group, all tasks, 0.00001\<p\<0.006). In addition, the 8-10y group also showed less straight hand trajectory than the oldest group (8-10y vs. 13-15y, RU and HTM, 0.006\<p\<0.003).

![Spatiotemporal parameters per age-group for eight UL tasks (reaching, left; reach to-grasp, middle; ADL-mimicking, right): (A) peak velocity, (B) trajectory straightness, (C) movement duration, and (D) time to peak velocity.\
Data is shown as mean (standard deviation), except for trajectory straightness (median (first and third quartile)) RF, reaching forward; RU, reaching upwards; RS, reaching sideways; RGS, reach-to-grasp a sphere; RGV, reach-to-grasp a vertically oriented cylinder; HTH, hand-to-head; HTM, hand-to-mouth; HTS, hand-to-shoulder; y, years. Significant post-hoc differences (Bonferroni-Šidák correction α\<0.0085) are shown as follows: Δ between 5-7y and 11-12y, § between 5-7y and 13-15y, and ¥ between 8-10y and 13-15y. Post-hoc analyses did not show significant differences for other between-group comparisons.](pone.0198524.g001){#pone.0198524.g001}
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###### Descriptive and comparative statistics of the spatiotemporal parameters for the whole group and per age-group.

![](pone.0198524.t001){#pone.0198524.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Tasks                                   Whole group\   5-7y\          8-10y\         11-12y\        13-15y\        F/X^2^ (p-value)                                               Effect sizes                                      
                                          (n = 59)       (n = 17)       (n = 16)       (n = 11)       (n = 15)                                                                                                                        
  --------------------------------------- -------------- -------------- -------------- -------------- -------------- -------------------------------------------------------------- -------------- ------ ------ ------ ------ ------ ------
  Movement duration (s) (mean (SD))                                                                                                                                                                                                   

  RF                                      0.86 (0.11)    0.86 (0.08)    0.87 (0.13)    0.84 (0.10)    0.86 (0.13)    0.14 (0.93)                                                    0.01           0.08   0.21   0.04   0.24   0.04   0.20

  RU                                      0.91 (0.12)    0.94 (0.09)    0.89 (0.11)    0.87 (0.15)    0.92 (0.12)    1.00 (0.40)                                                    0.05           0.45   0.58   0.14   0.18   0.27   0.41

  RS                                      0.95 (0.13)    0.96 (0.11)    0.95 (0.12)    0.88 (0.15)    0.98 (0.13)    1.35 (0.26)                                                    0.07           0.09   0.59   0.18   0.48   0.26   0.70

  RGS                                     0.97 (0.12)    1.03 (0.13)    0.93 (0.09)    0.92 (0.12)    0.99 (0.12)    **3.46 (0.02)**[\*](#t001fn002){ref-type="table-fn"}           0.16           0.96   0.96   0.39   0.11   0.56   0.59

  RGV                                     0.95 (0.12)    1.00 (0.13)    0.92 (0.12)    0.90 (0.13)    0.97 (0.11)    2.05 (0.12)                                                    0.10           0.65   0.78   0.24   0.18   0.43   0.59

  HTH                                     0.89 (0.11)    0.90 (0.06)    0.88 (0.08)    0.86 (0.16)    0.92 (0.13)    0.68 (0.56)                                                    0.04           0.20   0.35   0.18   0.22   0.29   0.41

  HTM                                     0.82 (0.17)    0.83 (0.10)    0.82 (0.12)    0.78 (0.16)    0.86 (0.11)    1.00 (0.39)                                                    0.05           0.07   0.37   0.31   0.30   0.36   0.61

  HTS                                     0.87 (0.15)    0.91 (0.13)    0.86 (0.14)    0.80 (0.18)    0.90 (0.15)    1.63 (0.19)                                                    0.08           0.38   0.73   0.03   0.39   0.32   0.66

  Peak velocity (m/s) (mean (SD))                                                                                                                                                                                                     

  RF                                      1.30 (0.22)    1.19 (0.16)    1.27 (0.18)    1.35 (0.25)    1.43 (0.23)    **4.20 (0.01)**[\*](#t001fn002){ref-type="table-fn"}^§^        0.19           0.48   0.78   1.22   0.37   0.78   0.34

  RU                                      1.59 (0.28)    1.19 (0.18)    1.35 (0.14)    1.39 (0.22)    1.43 (0.20)    **2.85 (0.045)**[\*](#t001fn002){ref-type="table-fn"}          0.14           0.62   0.68   1.03   0.22   0.50   0.18

  RS                                      1.49 (0.28)    1.09 (0.18)    1.23 (0.19)    1.30 (0.22)    1.38 (0.20)    **7.12 (0.0004)**[\*](#t001fn002){ref-type="table-fn"}^Δ§^     0.28           0.37   1.20   1.40   0.94   1.10   0.06

  RGS                                     1.33 (0.20)    1.33 (0.23)    1.41 (0.21)    1.66 (0.32)    1.65 (0.23)    **5.06 (0.004)**[\*](#t001fn002){ref-type="table-fn"}^§^       0.22           0.96   0.94   1.27   0.18   0.48   0.23

  RGV                                     1.24 (0.22)    1.45 (0.25)    1.59 (0.22)    1.65 (0.35)    1.71 (0.26)    **6.39 (0.001)**[\*](#t001fn002){ref-type="table-fn"}^§^       0.26           0.75   1.04   1.50   0.37   0.81   0.38

  HTH                                     1.75 (0.31)    1.56 (0.25)    1.73 (0.26)    1.87 (0.36)    1.91 (0.27)    **4.97 (0.004)**[\*](#t001fn002){ref-type="table-fn"}^§^       0.21           0.69   1.00   1.35   0.44   0.67   0.12

  HTM                                     1.13 (0.23)    1.02 (0.19)    1.07 (0.19)    1.25 (0.24)    1.23 (0.21)    **5.05 (0.004)**[\*](#t001fn002){ref-type="table-fn"}          0.22           0.38   1.14   1.12   0.83   0.78   0.12

  HTS                                     1.14 (0.20)    1.01 (0.16)    1.08 (0.14)    1.23 (0.22)    1.28 (0.19)    **7.85 (0.0002)**[\*](#t001fn002){ref-type="table-fn"}^Δ§^     0.30           0.49   1.16   1.53   0.82   1.18   0.21

  Time to peak velocity (%) (mean (SD))                                                                                                                                                                                               

  RF                                      35.42 (4.05)   34.57 (4.65)   35.61 (4.25)   35.70 (3.79)   35.97 (3.52)   0.36 (0.78)                                                    0.02           0.23   0.27   0.34   0.02   0.09   0.07

  RU                                      34.19 (4.05)   30.48 (5.43)   32.02 (5.49)   29.83 (3.00)   32.51 (3.09)   1.88 (0.14)                                                    0.03           0.20   0.19   0.66   0.42   0.50   0.93

  RS                                      37.04 (5.21)   37.11 (5.94)   36.15 (5.10)   36.35 (5.35)   38.44 (4.55)   0.57 (0.64)                                                    0.05           0.17   0.13   0.25   0.04   0.47   0.42

  RGS                                     31.30 (4.57)   33.46 (4.59)   34.30 (3.78)   32.63 (4.11)   36.06 (4.05)   1.04 (0.38)                                                    0.05           0.28   0.15   0.46   0.50   0.11   0.88

  RGV                                     32.24 (3.63)   32.04 (4.71)   32.27 (3.31)   30.96 (3.13)   33.39 (2.76)   0.98 (0.41)                                                    0.05           0.06   0.27   0.35   0.41   0.37   0.82

  HTH                                     39.60 (4.67)   39.61 (4.11)   39.73 (5.67)   38.43 (3.72)   40.32 (4.67)   0.40 (0.80)                                                    0.02           0.02   0.30   0.15   0.27   0.11   0.43

  HTM                                     41.46 (6.25)   41.56 (5.77)   41.97 (7.96)   38.17 (5.35)   43.23 (4.84)   1.48 (0.23)                                                    0.08           0.06   0.61   0.31   0.56   0.19   0.99

  HTS                                     36.75 (6.16)   36.29 (6.45)   38.10 (6.11)   36.17 (5.75)   36.25 (6.56)   0.34 (0.79)                                                    0.02           0.29   0.02   0.01   0.33   0.29   0.01

  Trajectory straightness (Me (IQR))                                                                                                                                                                                                  

  RF                                      1.20 (0.11)    1.24 (0.36)    1.20 (0.12)    1.17 (0.16)    1.15 (0.11)    **11.73 (0.008)**[\*](#t001fn002){ref-type="table-fn"}^§^      0.09           0.14   0.32   0.58   0.25   0.43   0.17

  RU                                      1.17 (0.12)    1.24 (0.14)    1.17 (0.08)    1.10 (0.10)    1.11 (0.05)    **19.29 (0.0002)**[\*](#t001fn002){ref-type="table-fn"}^Δ§¥^   0.16           0.33   0.51   0.69   0.36   0.50   0.02

  RS                                      1.16 (0.12)    1.22 (0.15)    1.16 (0.27)    1.11 (0.12)    1.10 (0.08)    **14.77 (0.002)**[\*](#t001fn002){ref-type="table-fn"}^Δ§^     0.12           0.24   0.50   0.57   0.37   0.41   0.10

  RGS                                     1.19 (0.12)    1.23 (0.09)    1.20 (0.11)    1.15 (0.10)    1.14 (0.07)    **12.19 (0.007)**[\*](#t001fn002){ref-type="table-fn"}^§^      0.10           0.24   0.45   0.56   0.27   0.35   0.04

  RGV                                     1.12 (0.06)    1.16 (0.08)    1.13 (0.06)    1.10 (0.05)    1.10 (0.04)    **11.47 (0.009)**[\*](#t001fn002){ref-type="table-fn"}^Δ^      0.09           0.28   0.55   0.40   0.41   0.31   0.05

  HTH                                     1.26 (0.13)    1.31 (0.14)    1.27 (0.11)    1.22 (0.17)    1.22 (0.10)    **11.10 (0.01)**[\*](#t001fn002){ref-type="table-fn"}^§^       0.09           0.28   0.45   0.49   0.25   0.35   0.01

  HTM                                     1.12 (0.07)    1.16 (0.56)    1.12 (0.05)    1.12 (0.05)    1.08 (0.34)    **12.08 (0.007)**[\*](#t001fn002){ref-type="table-fn"}^§¥^     0.10           0.03   0.20   0.50   0.20   0.53   0.42

  HTS                                     1.17 (0.12)    1.27 (0.21)    1.19 (0.15)    1.16 (0.08)    1.13 (0.09)    **13.76 (0.003)**[\*](#t001fn002){ref-type="table-fn"}^Δ§^     0.11           0.25   0.53   0.53   0.38   0.35   0.01
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

RF, reaching forwards; RU, reaching upwards; RS, reaching sideways; RGS, reach-to-grasp a sphere; RGV, reach-to-grasp a vertically oriented cylinder; HTH, hand-to-head; HTM, hand-to-mouth; HTS, hand-to-shoulder; Me, median; IQR, interquartile range; SD, standard deviation; s, seconds; m/s, meters per seconds; F, F-value of the ANOVA test (movement duration, peak velocity and time to peak velocity); X^2^, X^2^-value of the Kruskal-Wallis test (trajectory straightness).

\* Significant differences between age-groups (α\<0.05), with significant differences following Tukey HSD post-hoc testing (Šidák-Bonferroni correction of alpha (α\<0.0085)): ^Δ^ between 5-7y and 11-12y, ^§^ between 5-7y and 13-15y, and ^¥^ between 8-10y and 13-15y.

Post-hoc analyses did not show significant differences for other age-group comparisons. Effect sizes for the main test (F or X^2^) and for each post-hoc comparison reported according to Cohen's criteria: eta squared for main tests (η^2^: small 0.01, medium 0.06, and large 0.14); Cohen's d for movement duration, peak velocity and time to peak velocity (d: small 0.2, medium 0.5, and large 0.8) and Cohen's r for trajectory straightness (r: small 0.1, medium 0.3, and large 0.5).

For movement duration, significant age-related differences were only found for the RGS task (p = 0.02), although post-hoc analyses were not significant (0.05\>p\>0.99). No age-effect was found for time to peak velocity (all tasks, p\>0.05).

Kinematic waveforms {#sec014}
-------------------

Based on the SPM analyses, differences in joint angle kinematics between age-groups were identified at the level of the trunk (axial rotation), scapula (medial-lateral rotation and pro-retraction), shoulder (elevation plane), and elbow (flexion-extension) ([Fig 2](#pone.0198524.g002){ref-type="fig"}). No age-related differences were found for the other joint angles (for details, see [S1 File](#pone.0198524.s001){ref-type="supplementary-material"}, with effect sizes of each comparison per joint angle and task in [S2 File](#pone.0198524.s002){ref-type="supplementary-material"}).

![Upper limb joint kinematics for elbow flexion-extension during (A) HTH and (B) HTS, (C) scapula pro-retraction during HTS, and (D) shoulder elevation plane during RU.\
Top panels represent mean and standard deviation per age-group: 5-7y (orange), 8-10y (blue), 11-12y (green) and 13-15y (yellow). Bottom panels show the one-way ANOVA Statistical Parametric Mapping (SPM) output: solid black line represents the statistical curve (i.e. F-curve), red dotted line represents the statistical threshold calculated with random field theory. Significant clusters identified by SPM are shown in grey, i.e. the area where the statistical curve crosses the statistical threshold. The black bars below each graph represent the summarized SPM{t} output of the post-hoc analyses, including information regarding pair-wise comparison, cluster location, and p-values.](pone.0198524.g002){#pone.0198524.g002}

*Trunk axial rotation* differed between the four age-groups during RGS (75--100%, p\<0.04), but post-hoc comparisons did not survive significance.

At the level of the *scapula*, both pro-retraction and medial-lateral rotation were significantly different between age-groups. *Scapula pro-retraction* differed during HTM and HTS (HTM, 0--10%, p\<0.05; HTS, 0--100%, p\<0.01). Post-hoc analyses only showed significant differences during HTS, with increased protraction in the 5-7y group compared to the 8-10y group (39--66%, p\<0.01) and to the 11-12y group (52--85%, p\<0.01). S*capula medial-lateral rotation* differed significantly between age-groups during movement initiation (RU, 0--10%, p\<0.05; RGS, 0--13%, p\<0.05), indicating that the 5-7y group used more medial rotation than the 13-15y group at movement initiation (post-hoc analysis for RGS: 0--12%, p\<0.01).

We found age-related differences for *shoulder elevation plane* during two reaching tasks (RF, 10--100%, p\<0.001; RU, 28--100%, p\<0.01) and both reach-to-grasp tasks (RGS, 9--100%, p\<0.001; RGV, 23--44%, p\<0.05). Post-hoc analyses showed that the 13-15y group moved more toward the sagittal plane compared to the 5-7y group (RU: 35--84%, p\<0.001) and to the 8-10y group (RF: 32--100%, p\<0.001; RU: 45--71%, p\<0.01 and RGS: 37--100%, p\<0.001).

Lastly, *elbow flexion-extension* joint kinematics differed between age-groups during the ADL-mimicking tasks (HTH, 36--100%, p\<0.001; HTS, 64--100%, p = 0.01). Post-hoc analyses indicated that the younger groups (5-7y and 8-10y) used less elbow flexion in the second half of the movement cycle compared to the older groups (11-12y and 13-15y) ([Fig 2A and 2B](#pone.0198524.g002){ref-type="fig"}).

Discussion {#sec015}
==========

In this study, we explored UL movement characteristics in TD children aged between 5 and 15 years to gain insights into the maturation of UL motion. We investigated the differences in both spatiotemporal and joint kinematic parameters between four age-groups, during the execution of various UL tasks. Joint kinematics were compared using SPM, which allowed us to evaluate in which part of the movement cycle the differences occurred. We were able to comprehensively describe the maturation of UL motion during a variety of tasks, including reaching, reach-to-grasp and ADL-mimicking tasks. With this detailed analysis, we provide reference values to enable direct comparison to children with UL deficits.

We found that typical UL motion becomes faster and straighter with age, and seems to reach a plateau around the age of 11-12y, and this was true for all UL tasks. This finding adds to existing literature \[[@pone.0198524.ref008],[@pone.0198524.ref028],[@pone.0198524.ref029]\], as the age-related maturation during ADL-mimicking tasks has not yet been reported. At a young age (5-7y), the fine adjustments of visual-motor coordination and motor planning required to efficiently perform UL tasks are still developing \[[@pone.0198524.ref030]--[@pone.0198524.ref032]\], which explains the increased movement speed and smoothness with age. Current study results further indicated that duration (except during RGS) and time to peak velocity were not age-dependent, which is in agreement with Olivier et al. \[[@pone.0198524.ref008]\], but in contrast to the results reported by Yan et al. \[[@pone.0198524.ref029]\]. However, Yan et al. \[[@pone.0198524.ref029]\] included 6 year old children to senior adults, and only reported a main effect of age, without specific post-hoc analyses to indicate when and how time to peak velocity changed. In contrast, Olivier et al. showed that time to peak velocity is an age-dependent parameter only when performing bimanual tasks \[[@pone.0198524.ref008]\].

SPM analysis was used to investigate age-related differences in UL joint kinematics during the entire movement cycle. During RGS, the youngest group (5-7y) had increased medial scapular rotation at movement initiation compared to the oldest children. This could be due to differences in the starting position, as it disappeared after the first 10% of the movement cycle. During HTS, we observed an increased scapular protraction in children aged 5-7y compared to 8-10y and 11-12y. In this task, children have to cross the body midline to reach their contralateral shoulder, and the proportionally shorter arms of younger children necessitate an increased flexibility in the scapulothoracic joint to be able to reach the contralateral body part. This would lead to a greater scapular range of motion when performing a task that requires large displacement of the scapula over the thoracic cage, such as HTS. This task appears particularly sensitive to investigate scapular motion, as we previously showed that HTS also allows discriminating scapular movement patterns between children with unilateral cerebral palsy and TD children \[[@pone.0198524.ref020]\]. A further study result was that younger children performed the HTH and HTS tasks with less elbow flexion compared to older children (11-12y and 13-15y), which is in line with Petuskey et al. \[[@pone.0198524.ref009]\]. This difference in required elbow flexion to reach the head or the contralateral shoulder might also be explained by differences in body proportions between younger and older children. Petuskey et al. additionally reported increased elbow extension in younger children during a reaching task, which was not confirmed in the present study. However, the thorough standardization of the current setup based on arm length might explain similarities in elbow movement patterns during reaching and reach-to-grasp in our study group. Lastly, we found no differences between the 11-12y and 13-15y groups for any of the joint angles and during any of the tasks, suggesting that children reach a plateau around the age of 11-12y, which is in line with previous studies \[[@pone.0198524.ref004],[@pone.0198524.ref008]\].

Whilst the use of SPM is becoming more popular in UL research \[[@pone.0198524.ref020],[@pone.0198524.ref033],[@pone.0198524.ref034]\], the majority of available studies still report specific data points that are extracted from the UL joint kinematics, increasing the risk of a false positive finding (type II error). However, current study results based on SPM identified differences in UL kinematics in various parts of the movement cycle between age-groups that are not captured with standard endpoint or range of motion analyses. This discrepancy highlights the relevance of exploring the entire movement cycle to investigate UL kinematics and supports the use of SPM to investigate UL kinematic waveforms. Further validation and significance of the traditionally extracted data points (i.e. minimum and maximum joint angle, joint angle at point of task achievement) should still be investigated. These insights will potentially reduce the amount of data outputted from 3DMA and facilitate both the clinical implementation and interpretation of 3DMA in children with neurodevelopmental disorders.

Current study results showed a maturation of UL movement characteristics during reaching, reach-to-grasp, as well as ADL-mimicking tasks. Whilst we did not perform a direct comparison of performance between the tasks, results point towards a different maturation rate. Among the ADL-mimicking tasks, the hand trajectories of HTH and HTS were less straight and attained a later development plateau compared to the other UL tasks. This may be explained by the lack of visual feedback during the performance of these tasks, which may be reflected by a later maturation of visual-motor coordination if the target is out of the immediate visual field \[[@pone.0198524.ref032]\]. In line with these results, elbow and scapula joint kinematics also matured at an earlier age during reaching and reach-to-grasp, whilst they continued to develop during ADL-mimicking tasks. Together, this information supports the choice of reaching or reach-to-grasp tasks when comparing to children with neurodevelopmental disabilities, as age would not play a crucial role.

Some limitations of this study need to be addressed. First, our results are based on a cross-sectional study, whilst a longitudinal study design might provide additional insights in UL motion development. Furthermore, although we were able to replicate previous studies reporting the maturation effect on spatiotemporal parameters, the lack of studies reporting analyses over the entire kinematic waveform analyses impede direct comparison with our results. Therefore, the results reported in this study should be confirmed in larger sample sizes per age-group. Secondly, the age-range was selected based on common kinematic research in neurodevelopmental disorders, although this range might be too narrow to investigate the entire development of UL motion. The inclusion of younger children would provide further insights on the early maturation of UL motion, whereas extending the age-range up to 18 years would confirm the maturation plateau. However, UL-3DMA in children below 5 years old is challenging, as the marker placement becomes increasingly difficult on smaller arms and hands. Other approaches, e.g. sensor-based techniques, may be more suitable to investigate UL motion in this younger group \[[@pone.0198524.ref035]\]. Additionally, these sensor-based approaches would permit an 'out of the lab' UL motion analysis, moving toward a measure of daily live UL function. In this line, the main advantage of 3DMA is that it offers a valid, quantitative, and objective tool to comprehensively evaluate movement patterns and to identify the specific UL problems, consequently, contributing to guiding interventions on the UL (e.g. botulinum toxin injections \[[@pone.0198524.ref036]\], muscle lengthening or other orthopedic approaches \[[@pone.0198524.ref037]\]. However, this technique may result in a large time investment with high associated costs, due to the expensive equipment and the required experience of the clinicians. Consequently, there is a necessity of further research to elucidate when and for who this tool can serve as an added value, both within a clinical as well as a socio-economic perspective. For example, by evaluating when and for who a 3DMA may be truly beneficial compared to the traditionally used clinical scales, health resources may be better allocated, resulting in the adequate time and cost investment for the patient and the clinicians.

A SPM related limitation for post-hoc testing should also be addressed for caution interpretation of the results. At present, only an adjustment of alpha threshold following Bonferroni and Šidák-Bonferroni procedures is available in the SPM1d toolbox. Other less stringent and conservative post-hoc procedures will warrant increased statistical power and a more accurate control of type I error \[[@pone.0198524.ref038]\]. Lastly, the influence of biological maturation aspects (i.e. skeletal age or growth spurts) and/or the impact of specific UL motor skills the participants may have acquired during their childhood, e.g. playing music instruments or sports, were not considered. Gaining insights in the role of these motor skills and different aspects of biological maturation in UL motion development may contribute to further understanding whether these covariates should be considered in further investigations.

Current study results provide a reference database of typical development of UL motion. Reporting normative values and age-related differences will contribute to an increased knowledge of the typical maturation of UL movement characteristics, and consequently an improved interpretation of UL deficits in children. This is crucial to efficiently allocate therapeutic resources in UL rehabilitation. Lastly, although these results have provided information regarding the effect of age on spatiotemporal parameters and kinematics during a variety of UL tasks in TD children, the potential age-dependency of UL motion in children with neurodevelopmental disorders needs to be further explored.

Conclusion {#sec016}
==========

UL motion characteristics showed age-related changes in children between 5--15 years old. With age, UL movements become faster and straighter. Furthermore, age-related and task-dependent changes were also reported for UL kinematics at the level of the scapular medial-lateral rotation and pro-retraction, shoulder elevation plane and elbow flexion-extension angles. Current study results highlight the importance of investigating the entire UL motion to decrease the false-positive rate, as demonstrated with SPM. The normative values may be valuable to gain insights into typical UL maturation and to compare with children with UL deficits, which is fundamental for rehabilitation programs.

Supporting information {#sec017}
======================

###### Figs (S1-S8) representing the upper limb movement patterns of all four age-groups during (S1) reaching forward, (S2) reaching upward, (S3) reaching sideways, (S4) reach-to-grasp a sphere, (S5) reach-to-grasp a vertically oriented cylinder, (S6) hand-to-mouth, (S7) hand-to-head, (S8) hand-to-shoulder.

Joints are presented in rows, from top to bottom: trunk, scapula, shoulder, elbow, and wrist. Data is shown as mean (bold line) and standard deviation (translucent area) for every age-group: 5-7y (red), 8-10y (orange), 11-12y (green) and 13-15y (blue).

(PDF)

###### 

Click here for additional data file.

###### Figs (S9-S16) representing the effect sizes (Cohen's d) of the pair-wise post-hoc comparisons during (S9) reaching forward, (S10) reaching upward, (S11) reaching sideways, (S12) reach-to-grasp a sphere, (S13) reach-to-grasp a vertically oriented cylinder, (S14) hand-to-mouth, (S15) hand-to-head, (S16) hand-to-shoulder.

Joints are presented in rows, from top to bottom: trunk, scapula, shoulder, elbow, and wrist. Data is shown as effect sizes for every pair-wise post-hoc comparison after ANOVA test: 5-7y vs 8-10y (brown), 5-7y vs 11-12y (red), 5-7y vs 13-15y (purple), 8-10y vs 11-12y (blue), 8-10y vs 13-15y (green), and 11-12y vs 13-15y (yellow). Effect sizes are reported according to Cohen's d criteria: small 0.2, medium 0.5, and large 0.8 over the movement cycle.

(PDF)

###### 

Click here for additional data file.
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